CHAPTER 13 
Spectrochemical Analysis 

To AN ever-increasing extent, the spectrograph is being used U , deter 
mine the composition of a wide variety of materials and to fix the concen- 
tration of their constituents. Known to the chemist as qualitative and 
quantitative analysis, respectively, these spectroscopic techniques are 
commonly referred to as spectrochemistry or spectrochemical analysis 
often without the adjectives qualitative and quantitative, and, for the 
most part, these terms are used to mean analysis by emission spectroscopy 
The development of spectrochemical analysis is, of course, an out- 
growth of the recognition, about the middle of the last century, that the 
spectrum emitted by an atom is characteristic of that atom and of its 
energy condition. It has already been pointed out in Chap. 1 that 
Kirclihoff and Bunsen were the first to recognise this principle clearly and 
to use it m the isolation and discovery of two new alkali elements, caesium 
and rubidium. It is now known, of course, that the absorption and 
emission spectra of molecules, also, are characteristic of their components 
and structure. 

13.1. Qualitative Spectrochemical Analysis 

The work by Kirchlioff and Buiucn constituted the first qualitative 
analysis. These experimenters noted, after a study of the spectra of the 
known slkah elements, that certain spectral lines not belonging to the 
pure spectra of the known alkalies appeared in the light emitted by aome 
of their preparations. Search for the origin of these lines led finally to 
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studied the Fraunhofer lines and identified numerous elements in the 
sun a atmosphere. Qualitative spectrochemistry was firmly established 
by these achievements. It haa, of course, been extended in scope, pre- 
cunon, and sensitivity by later work. 

?i er Pr0p€r condition *. the apcctrograph provides the most 
T ftt lu ?' “• the rao8t sensitive technique for quolitative 

analysis In 8ec. 0.9, the procedures have been discussed for deter- 

8pectnim what e,cmenl * ^ present in a source or for 
mg nhether or not any atom or molecule is present in detectable 

s3 K hC , aUribUtea ° f Vari ° U8 ,iRht 80UrCC " Which ^ suitable for 
spectrochemical investigations have been discussed in Chap. 2. Further 

ctails of the applications of these techniques will be pointed out here 
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For qualitative analysis by emission spectroscopy, the light source 
and Bpectrograph selected will be those thnt are adapted to the nature 
and available quantity of the Sample. For solid, conducting samples, a 
d-c or a high-voltage a-c arc is sensitive, controllable, and generally con- 
venient; the sample may lie of almost any size or shape and may be 
mounted in any suitable electrode holder. The spark, also, may be used 
between solid electrodes, but the resultant sensitivity to trace concentra- 
tions is much less. For materials with low melting or ignition points, 
water- or air-cooled electrode holders may be desirable; in any case, the 
current strength must be held at levels thnt will not lead to overheating 
the electrodes. In fact, except when required for a steady arc, high 
current values are almost never necessary or desirable. P’or most pur- 
poses, a current of from three to five amperes is satisfactory. The more 
volatile constituents in the sample will ordinarily appear in the arc 
spectrum first; materials of high boiling point will appear later and, in 
some cases, will not appear at all until the more volatile materials have 
been, to a large extent, exhausted. It is desirable, therefore, to adjust 
the intensity of the source image on the slit in such a way that an exposure 
of at least one or two minutes is possible. 

Poorly conducting or refractory materials, or materials available in 
minute amounts only, may be packed in cavities drilled in a graphite, 
silver, or copper lower electrode. Unless it is essential to eliminate the 
cyanogen bands (3500A to 4200A) that are emitted strongly by graphite 
arcs in air, graphite is to be preferred. It has fewer emission lines and the 
arc attains higher temperatures; the sensitivities in analysis are there- 
fore higher. The Bo-called spectrogrnphic carbons, supplied by several 
companies, do not contain the traces of the alkali and earth-alkali metals 
or of other impurities found in ordinary pure arc carbons; they hnvc been 
removed, usually by heating tho carbon in vacuo to white heat. Rods 
of Jg inch or \ inch diameter are satisfactory; the cavity can be made 
with a clean drill of slightly smaller size. The carbons should be handled 
with clean tweezers, and the samples should be cleaned and Handled care- 
fully, because contaminations are easily picked up from the hands or 
tools. If the material is nonconducting, or if it does not pack well, it 
may be mixed with powdered graphite. For solutions, a concentrated 
drop or two can bo dried on the tips of graphite electrodes. As alterna- 
tives, the solution may be atomized into a flame, as has been done by 
LundegArdh, 1 or excited in a spark discharge to a liquid surface, as, for 
example, by the method of DufTendack, Wiley, and Owens. 1 For quali- 
tative purposes, however, these procedures seem not so convenient or so 
rapid. In all these cases, tho upper electrode is usually of the same 



1 II. LundegArdh, Ztitt. /. Phynk, 66, 100, 1030. 

•O. 8. Duffendack, F. H. Wiley, and J. 8. Owcna, Ind. Eng. Chtm., 7, 410, 1D3A. 
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material oa the lower; if it is pointed, the arc will wander less and bum 
more uniformly. When foreign material, such as graphite, is used, con- 
trol exposures must bo run with the blank electrodes to determine the 
impurities, if any, os well as the lines emitted by the electrodes them- 
selves. It must be borne in mind, however, that when the sample 
material is later placed in or on J,he electrodes, the changed electrical 
gradients and temperatures in the arc may bring out lines that were seen 
only faintly, if at all, in the control testa. 

The nature of the sample is the important consideration in the choice 
of a spectrograph, because the dispersion must be enough to separate the 
spectral lines of the various likely elements, and the region covered must 
include their sensitive lines. Inspection of the tables of ultimate or 
persistent lines will show that the most persistent lines for only ten ele- 
ments lie in the region between 4G00A and 9000A, and that for all of 
these there are also persistent lines between 4G00A and 2000A. More- 
over, for many elements, there are no persistent lines between 4G00A 
and 9000A, although, of course, ail have some spectral lines there. In 
view of these facto, glass spectrographs are not well suited to qualitative 
analysis because of their limited range, especially if the detection of small 
amounts of material is involved. Quarts spectrographs and gratings 
covering the region from 4600A to 2000A are, however, satisfactory. 
Even medium- and small-sised quarts spectrographs have produced good 
results, although larger instruments are better because their greater dis- 
persion makes line identification more certain and reduces the difficulty 
from interfering lines of other elements. For the heavy metals or the 
rare earths, a grating or a large quarts spectrograph is almost eascntial. 

A spectrograph of large aperture is needed only for samples that are 
extremely small and, therefore, can provide only short exposures; stand- 
ard spectrographs, with their higher dispersion and longer exposures, are 
preferable in all other cases. Similarly, emulsions of good contrast are 
preferable to high-speed emulsions; their sensitivity to faint lines is less, 
but so, too, is their response to background spectrum, and when fast 
emulsions are used, the increase in background is likely to mask any 
improvement in the intensity of faint lines. 

Identification of elements spectroscopically requires care and judg- 
ment, and some knowledge, based on experience or on study of the theory 
of spectra, of the behavior of the elements in different light sources and 
in different matrices. The best indication of the presence of an element 
is the detection of its ultimate or persistent lines. The relative intensity, 
however, depends to some extent on tho source and spectrograph: in 
strong spark discharges, the sensitive arc lines, as compared with the 
sensitive spark lines, may be greatly suppressed; the characteristics of 
the photographic emulsion, the intensity distribution of the grating, or 
the transmission of the prism may produce relative line intensities notably 
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different from those given in a particular chart or table. Each spectro- 
scopist, on the basis of experience with his equipment, should build up 
his own list of sensitive lines, their ielative intensities, and their behavior. 

The identification of an element can rest on only one line if there is no 
possibility of confusion with lines of other elements at approximately the 
same wave length, or if the constituents are limited to a few possibilities. 
Usually, however, a minimum of two must be observed, especially if the 
sample spectrum is rich in lines, and they should be ultimate or persistent 
lines and should have the correct relative intensities. If tho ultimute 
lines belong to a multiplct or line group arising from the same electron 
configuration, all lines of the group must be accounted for. Possible 
interfering lines of other elements in the sample, known or suspected, 
must always be considered. 

The number of elements that can be detected spectrochcraically is 
given by some ns 55, by others as 70, and by still others os 75. What is 
meant by these statements is that the number of elements indicated have 
sensitive lines that can be excited in solid samples, by arcs or sparks in 
air, and photographed on ordinary emulsions. The elements omitted 
from these counts are hydrogen, the noble gases, the halogens, cartmn, 
nitrogen, oxygen, and sulphur, and from the smaller lists, also the rare 
earths and the metalloids. These omissions are justified on the basis of 
the limitations stated above, and there is the further limitation that 
spectroscopically-puro test samples of these elements and spectrum charts 
including them are not easily available. Hilgcr's R. U. powder, for 
example, contains 50 elements, and the charts of Gatterar and Junkcs, 
which are the best available, cover 73. All elements, however, have lines 
in the ordinary photographic region that can be excited under appropriate 
conditions. The gnses, for example, can be excited in various kinds of 
discharge tubes. Gatterer and Frodl* have demonstrated the detection 
of the halogens in compounds, by placing small, solid samples in the posi- 
tive column of a discharge tube, and McNally, Harrison, and Rowe 4 have 
excited them in a hollow-cathode discharge. The same procedure was 
followed for the metalloids, with equal success. The spectra of the rare 
earths are now we II enough known to make spectroscopic methods pre- 
ferred over the difficult chemical separations. With improvement in 
light sources and techniques, qualitative analysis of every element will be 
feasible and, in cases of complex or refractory samples or of chemically 
difficult analyses, preferable to chemical methods. 

The various elements in the sample may be in combined or uncom- 
bined form. Tlie temperature of the ordinary sources is sufficient to 
dissociate any molecules and excite the resulting atoms. In fact, it is a 
weaknes s of emission spectroscopy that it gives little information as to the 



* A. Gatterer and V. Frodl, Rie. Spteiroaeop., 1, 201, lMfl. 

4 J R. McNally, Jr., G. R. Harriaon, and E. Rowe, J. Opt. Soc . 4 m., *7, 93, IW7. 



322 



SPECTROCHEMICAL ANALYSIS 



molecular arrangement of the atoms in the source material, but, at the 
same time, it is often an advantage that the total amount of an dement 
con be measured, regardless of the various compound forms in which it 
may be present. 

13.2. Trace Detection 

In qualitative spectrochemistry, the major constituents of the source 
material are readily recognised from the sensitive and other prominent 
lines of these elements. An extremely important question in many 
analysis problems, however, is the identification of trace elements, which 
may be of importance even when present in amounts not detectable by 
conventional chemical methods. Many examples of the sensitivity of 
spcctrochemicul analysis for the determination of various elements in 
different sources and in the presence of other major constituents are 
to be found in the literature cited and in other pupers in the field. 

There are, in fact, wide variations in the relative spectral sensitivity 
of the different elements and of the various light sources: arcs are, in 
general, much more sensitive than spark sources, and the spectra of the 
metals much easier to excite then those of the metalloids. The proper- 
ties of an element in relation to those of other elements in the sample 
must also be taken into account: an element of low boiling point, high 
vapor pressure, or low' ionisation potential will be excited more strongly 
than elements in the same sample with higher boiling points or ionization 
potentials, or with relatively lower vapor pressures at the electrode 
temperatures. 

Under favorable conditions, however, the presence of an element in 
concentrations as low as one part in a million is detectable. Owens, 1 who 
used solutions dried on the tips of graphite electrodes, reported, in the 
analysis of caustic liquors, an absolute sensitivity of as little as 1 X 10“* 
mg of the test element on the electrodes, and a relative sensitivity for 
manganese as low as 0.000002 per cent. On the other hand, there may be 
cited the unfavorable example of van Tongeren’s* determination of tin in 
minerals. Using a glass spectrograph, with the cathode layer of a d-c arc 
as the source and with the powdered Bomple mixed with graphite and 
sodium carbonate and packed in the cavity of a graphite electrode, ho 
reported 0.3 per cent of tin in 8nOj as the least detectable concentration. 
His results, however, would certainly have been greatly improved if the 
much more sensitive ultraviolet tin lines could have been used rather than 
those in the visible (gloss spectrograph) region. 

There are very few elements for which a relative sensitivity of 100 
parts per million cannot be attained; a sensitivity of 10 to 20 parts is 

1 J. 8. Owens, Ind. Eng. Chem., 11, 59, 1939. 

1 W. ran Tnngnren, Chemical CompntUion of the Earth’s Crud in Ihe Kasi Indian 
Archipdaga. Amsterdam: Ccntan, 1038. 




common; and 0.1 part is reached in some cases. The absolute sensitivity 
varies between about one-tenth and .one one- thousandth of a microgram, 
even though the total sample may no't be larger than 10 or 20 micrograms. 
These sensitivity limits, in most cases, were determined by testing pro- 
gressively weaker concentrations until the ultimate lines were no longer 
detectable against the plate background. Kaiser 7 has suggested that it 
would bo more meaningful to defino the least detectable amount na the 
amount such that the density difference of the ultimate line from the 
background is 3*\/2 times the mean fluctuation of the blackening, a 
difference that he considers to be just certainly measurable. Then, from 
measurements on two or more samples of small, knowTi concentrations, 
the analytical curves discussed in Sec. 13.4 can be drawn, the uncertainty 
of blackening measurement determined, and the concentration corre- 
sponding to Kaiser's criterion read from the curve. In a test for the 
sensitivity of determination of zinc in pure aluminum, with an interrupted 
arc, a controlled spark with 0.8 millihenries of inductance, and a con- 
trolled spark with no added inductance, Kaiser found sensitivities of 
0.0004 per cent, 0.007 per cent, and 0.02 per cent, respectively. Since 
the sensitivity of trace determination depends on the spectrograpli, the 
photographic plate, the light source, and the spectral region used, as well 
as on the other elements present in the sample, it is best, if previous 
experience in comparable cases is lacking, to undertake some compara- 
tive tests on samples of known, similar composition before reaching a 
conclusion as to whether or not an clement is present in appreciable 
amount. It must be borne in mind that the absence of the detection lines 
of an element indicates merely that the element is not present in sufficient 
amount to be detected with the source and equipment used. 

When the utmost sensitivity in trace detection is desired, attention 
must be given to all details of the procedure. The example given by 
Kaiser show's a factor of sensitivity of 50 between three good light sources; 
similar differences may exist between different plates and spectrographs. 
In fact, two perfectly proper spectrographic arrangements may differ 
by a factor of 10,000, or more, in their sensitivity of detection on the same 
sample. A major case of difficulty is background in the spectrum; the 
high background in the inductance-free spark spectrum cited by Kaiser 
undoubtedly accounts for the fact that the sensitivity was much lower 
than in the case of the interrupted arc. Attention to the proper choice 
of source is only one of the means by which background can be reduced. 
Others are: changing to a spectrograph of higher dispersion, so Hint the 
background energy is spread over a longer distance; using the optimum 
slit width, sinec background intensity is proportional to slit width; using 
a plate of higher contrast to keep background near or below' the plate 

1 H. Kaiser, Spertrochim. Ada, 3, 40, 1947; also contains a bibliography of pub- 
lished data on acnmtivitiea for various source* and kinda of materials 
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inertia; and eliminating, as far aa possible, the background caused by 
scattered light or emulsion processing. 

In general, under suitable working conditions, the sensitivity of trace 
analysis by line emission methods is better than that pf chemical wet 
methods and aa good oa, or better than, that of colorimetric methods. 

The speed is usually greater, especially if suitable master charts or spectre 
are available for rapid identification or comparison. The specimens can 
ordinarily be used in their natural form: as solid electrodes; as solutions 
dned on the ends of graphite, silver, or copper electrodes; as powders or 
nonconductors packed in envities in graphite electrodes. A few minutes 
is sufficient to expose and process a plate, and the spectra can be examined 
rapidly in all but the most complicated cases. 

The detection of traces of impurities in samples is, of couree, an 
important function of apcctrochemical analysis. No less important is 
the rapid identification of the elements present and the determination of 
the ones, if any, that need to be analysed quantitatively by the more 
time-consuming chemical methods. Many examples of this sort of analy- 
sis will be found in the Proceedings of the Summer Conferences on Spectro- 
scopy and its Applications, listed in the bibliography at the end of this 
chapter. In this connection may be mentioned the classification of min- 
erals; the detection of metallic poisons in criminal investigations; and the 
sorting of scrap steels as to alloy type in steel mills, which may, in fact, be 
done with a visual spectroscope (page 90). 

It can be seen from the foregoing discussion that the applications of 
qualitative analysis with the spectrograph are as varied as those of chemi- 
cal methods. The spcctrographic method has the great advantages of 
speed and simplicity in a technique that can handle a wide variety of 
samples with the same equipment and procedure. 

1 3.3. Quantitative Spectrochemical Analysis 

The earliest practical applications of the spectrograph were qualita- 
tive, and these are still the best known, but they can hardly be suc- 
cessfully carried out without some understanding of the quantitative 
use of the spectrograph. To an increasing extent, the two techniques 
are used in conjunction. Moreover, quantitative spectrochemistry has f 

gained rapidly in use and acceptance and probably has become the more 
important. 

Quantitative spectrochemical analysis is based on the fact that when 
a series of specimens mode up of two or more elements contains one ele- 
ment in small and decreasing amounts, its spectral lines grow gradually l 

weaker and disappear in a definite order and their intensities are simple 
functions of the concentration, whereas the relative and absolute intensi- 
ties of the spectral lines of the major constituents remain unchanged. 

An example of the influence of concentration on the strength of spectral 



£ lines is seen in Fig. 106, which shows a scries of iron spectra containing 

* small, known percentages of manganese. As nearly as possible, the 

| spectra were made under identical conditions, as is shown by the uniform 

| intensity of the marked iron lines. It will be noted that the manganese 

| lines decrease in intensity with decreasing concentration and disappear at 

t different percentage contents in the sequence. 




The first clear statement of the relationship between concentration 
I and the character of the spectral lines was made by Lockyer.' In 1872 
and 1873, in three papers before the Royal Society of London, he dis- 
£ cussed the possibility of quantitative analysis with the spectroscope, and 
in another paper, with W. C. Roberts, Chemist of the Mint, ha described 
^ some observations on alloys of copper and gold, and of xinc and cadmium. 
Lockyer stated, 11 A change in the percentage of any constituent of a 
metallic alloy ordinarily causes a change in the character of the lines 
exhibited in the resulting spectrum, in length, brightness or thickness; 
and the percentage of the constituents might be determined by com- 
parison with the spectra of percentages of known composition." The first 
systematic study of quantitative analysis was made in 1882, by Hartley,* * 
at Dublin, and he appears to have made the first successful quantitative 
analyses: those of beryllium in cerium compounds, and magnesium and 
calcium in limestone. 

Hartley, and his immediate successors, such as Pollock, at Dublin, 
and de Gramont, at Paris, made their analyses by comparing visually 



• J. N. Lockyer, Phil. Trans., 163, 253 k 630, 1873, and 164, 470, 1874; J. N 
Lockyer and W. C. Roberts, Phil. Trans., 164, 405, 1874. 

• W. N. Hartley, Phil. Trans., 1T5, 325, 1884. 
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the spectra of their sample with those of a graded senes of samples of 
similar and known composition, and by choosing the known spectrum 
which best matched that of the unknown sample. Such methods of 
matching spectra, especially if there is not careful selection and control of 
the source, can be expected to give only the roughest accuracy, perhaps 
10-25 per cent at best, because the intensity of the spectral lines of a 
minor or secondary component in a source is influenced, not only by the 
characteristics of the spectrogruphic apparatus and by the photographic 
technique, but also by the nature and amount of other elements in the 
electrodes and by random fluctuations in tho operation of the source. 
The development of quantitative spectrochemical analysis in recent 
years, which has followed from careful study of each step of the process 
has resulted in more consistent and controllable light sources, betted 
photographic materials, more direct comparison methods, and above all 
precise photometry of spectral-line intensities. It now attains an accu- 
racy comparable to that of chemical analysis, and a speed much greater. 

13.4. The Internal-Standard Principle 

In spite of all these improvements in technique, precise and rapid 
spectrochemical analysis would be difficult, if not impossible, if it were 
still based on the use of external reference standards, i.e., on the com- 
parison of the relative intensities of spectral lines from the analysis sample 
with those from reference standard samples token separately and, pos- 
sibly at a different time and on a different plate. There are unavoidable 
small fluctuations in emulsion sensitivity, in emulsion processing and 
even m the best of sources, in excitation conditions, and they would be 
major and uncontrollable causes of error. Present-day precision analysis 
was made possible by the development, by Gerlach, 10 in 1926 of the 
internal-standard method, and at present, almost without exception all 
precision quantitative analysis utilizing emission spectra is based on some 
variant of this principle. As noted earlier, & major difficulty in all 
methods of matching spectra arises from light-source fluctuations, which 
can result in spectra of unequal over-all intensity and intensity distribu- 
tion from samples of identical composition. Gerlach observed that 
many of these difficulties of “external reference standards 11 are avoided 
when a chosen line of the element under analysis is compared with a line 
or some reference dement in the same spectrum. Qualitatively, at least 
the two lines will respond in the same way to random source fluctuations 
they cannot do so exactly unless both lines have identical excitation 
functions and unless both dements have identical vapor tension- tempera- 
ture relations. 



_ “ W Gerlach, Foundation* and Mtihod* qf CKtmical Analuii* bu Ik* K-iW*. 
Spadrum, Chap. V. London: Adam Hilger, Lid., 1930. 
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For each of several known concentrations of the element under analy- 
sis, Gerlach 's method is to choose a reference pair consisting of u line 
of the analysis element und a line* of Lhe reference element of equal 
intensity at that concentration. It is assumed that if the two lines of a 
reference pair appear with equal intensity in the spectrum of any sample, 
the concentration of the analysis dement will be the same as in the 
reference sample whose spectrum had l>ccn previously studied. Analysis 
of an unknown sample cun then be carried out by selecting visually the 
one of these reference pairs in the spectrum for which the two lines are of 




Fie- 107. Analytical curve. The relationship is 
shown between percentage content of manganese in the 
sample and the relative intensities of the analysis lino- 
pair. 

equal intensity. Most of the modern procedures use only one such pair 
of lines. Their relative intensities are determined by some photometric 
procedure and plotted as a function of concentration. The resulting 
graph serves as the basis for the determination of the concentration of 
any unknown sample. If the two variables arc plotted on logarithmic 
Beales, the resulting analytical curve, or working curve, over a considerable 
range is usually very close to a straight line. An example from the 
determination of manganese in iron is given in Fig. 107. 

In practically all cases, it is impossible to select a reference element 
that has spectral lines whose response to source fluctuations is exactly 
the same as that of neighboring lines in the spectrum of the unknown 
dement. It is therefore essential to sdeCt a pair of lines that behave 
as similarly as possible under varying conditions; such line-pairs were 
called by Gerlach homologous pairs. Since proximity in wave length 
avoids variation in plate contrast, and proximity on the plate minimizes 
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by the random fluctuations of the light source. “ The ideal spcctrochem- 
ical light source would be one in which each element in the electrode would 
be vaporized into the discharge, regardless of what other elements were 
present, at a fixed and unvarying rate, and in which the atoms of each 
clement, once vaporized, would be excited to radiate a spectrum in which 
the spectral lines varied in intensity with concentration, according to an 
invariable and definite law. 1 * 

In all ordinary light sources, however, the relative intensities of the 
lines of any one element and of lines of different elements vary from 
instant to instant, for a variety of reasons. In electrical discharges, 
fluctuations in temperature, caused by current variation or ventilation 
changes, result in fluctuations in the relative intensities of lines with 
different excitation functions. The potential gradient in a discharge is 
affected by the ionization potential of all the atoms present and so 
depends on their kind and number. Further, the rate and order in which 
different elements evaporate from the electrodes into the discharge 
depends on the relative vapor pressures and boiling points of the other 
elements present, as well as on local variations in electrode temperature. 
While the effects of the worst fluctuations are eliminated by the internal- 
st&ndard method, there are still wide vanations in the errors introduced 
by light sources. Accordingly, it is important to select the light source 
carefully and to make certain of its best adjustment. Flames, arcs, 
sparks, and gaseous discharges all have their fields of usefulness. 

The flame has been strongly advocated by Lundeg&rdh. (See page 
21.) Ilia method, spraying a solution into an acetylene-air flame, is 
especially suitable for biological analyses, such as those of soil, plnnt, and 
animal samples, and for the analysis of readily soluble inorganic material. 
Lundeg&rdh applied it to 34 of the commoner metallic elements and 
found the sensitivity to be from 0.001 to 0.000001 mol per liter. Since 
high concentrations can be handled by simple dilution of the sample, the 
method is applicable to almost any initial concentration.. Suitable 
reference elements are readily introduced into the solutions. The error 
is reported as never in excess of 5 per cent of the amount present, and 
often not more than 1 or 2 per cent. This accuracy is as good as that 
secured with the best of other sources, but the method has not been widely 
adopted in this country, no doubt because of the somewhat greater 
convenience of arcs and sparks for most types of samples. 

As has been noted earlier (Sec. 2.3), the d-c arc, in spite of its simplic- 
ity and its high sensitivity in the detection of traces of impurities, is sub- 
ject to erratic fluctuations that limit it, in quantitative work, to problems 
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pr °f i0n - T ° a large «•«». tto difficulties ere 
due (page 22) to the wandering of the cathode spot, with resultant 
variations, not only in the temperature of the discharge but also in thn 
location oi the disengaging spot on the cathode and in the duration if 
disengagement from any one spot. Elements of low boiling point enter 

mL T T" 1 T' <Uy anU “ r(! dcpletcd '«■» disengaging Z 

more rapidly than elements of higher boiline noints •» pi,,?*,,?.; 
follow in both the relative ami the total number of the different kintfeof 
atoms entering the discharge. The are, then, varies both bin" 
brdlianee and in tolid intensity and volume, as well as in the relative 
distribution of intensity among the different spectral lines. 

With these variations in the temperature, volume, and density of the 
ischarge, there is, of course, a related variation in the extend of the 
absorption, by the outer layers, of the radiation from deeper within the 
discharge. By Kirehholfs Law (page 8). the atoms of the ouUr layere 

ThTm ri 080 ' ,ave . lengths which 0ic y «"> themselves able to radiate 
1 he result is a varying self-absorption, especially of the lines involving the 
lower energy states of the atom, which produces a greater or less "sdf 
reversal of the lines. Except for the most strongly reverecd lines which 

ZuTuTeff T r nCS “ r ing3 '' ith ‘ m °™ ° r lcs8 com P lotej y absorbed 
intensity of the lines affected. For i 

at very low pressure, where absorption is small, varying self-reverb is a 
Tthe’s^im iD U ’ e reiBtiVe J i^re„t line, 

explure "‘kb 1 ? 1 the “ Variationa wUI average out over the whole 
exposure. This averaging process can be furthered by including the 
results of two or more exposures. Actually, no amount of averaging 

ZiZ.° Ve fT lty •"“ rely ' “ U,e relalive “ d »l>r»luto intensity 
variations are not bnear in the variables and often not even svstcmatiif 

TW diffi ffi |t Ult l ° redUCC UlC 8 ° Ur “ erTora b£lo " r 10 P«<- cent. 

TTiese difficulties are particularly marked with d-c arc, between 

metallic electrodes, especially those, such as iron, that are subject to 

electrode si D T' HoV,evu - with electrodes and proper 

electrode shape and current sue, reasonable control is possible. In usbg 

l hL 8n ^ hlt ^e ' ectrodes, the precautions described in Sec. 13 1 must be 
obrerved. The .ample is often burned to complete consumption ”tob 
ffiffieuhie. from differential evaporation of the various elements in YheZ 
Used m this way, the d-c arc is a valuable source for irregular poorly- 

Z Id - F ° r higUy refractor y “3X -cb as 

ores, cer amics, and abrasives, it is, in many cases, the most practical. 

York :' CmJ °* **•<*••<•«, >837, p... M. New 
“ ° - H - “ d H - M Crinrhitc, J. Oft. Sac. Am., U, its, IB«. 
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Several automatic controllers have been described that eliminate tho 
major fluctuations in urc current.'* 

A bettor form of arc for quantitative work and one which is nearly, if 
not quite, as sensitive is tho a-c arc (page 22). It can bo used in prac- 
tically every problem to which the d-c arc is applicable, and, indeed, 
because of the lower resulting electrode temperature, with some dec trade 
materials that would melt or burn at d-c arc dectrode temperatures. 
For analysis in waich high sensitivity is needed, as in trace analysis 
or the analysis of low concentrations of any kind, it is probably tho 
most useful source. Originally developed by Duffendack and Thompson 
for the analysis of solutions, it has been adapted to sheet and cast-steel 
samples by Sawyer and Vincent, to aluminum and magnesium analysis 
at the Dow Chemical Company laboratories, and to many similar prob- 
lems. In most applications, the errors can, with care, be kept under 10 
per cent and often to about 5 per cent, or less, of the amount determined. 

An arc of somewhat similar properties is the Pfeilaticker" interrupted 
arc, which has been widely adopted in industrial applications in Cermony : 
n low-voltage condenser sets up a repeated, arc-like discharge between the 
electrodes. As in the case of the a-c arc, the electrodes remain cooler 
than they do in a d-c arc; the repeated striking of the arc tends to initiate 
discharges from all parts of the electrode tip, and the likelihood of local 
hot spots and extremes of differential evaporation are thus reduced. 
These intermittent arc forms are nearly as sensitive as the d-c arc and 
are useful for quantitative determination of low concentrations. 

Where greater accuracy is required without the highest sensitivity, 
some form of condensed spark source is almost essential. The actual 
sensitivity attainable by the spark depends on sample composition and 
form and on equipment, as well as on the spark characteristics, but it is 
probably always less than the sensitivity attainable by an arc with the some 
sample and apparatus. The analytical range, however, is greater and, 
by a choice of two or three line-pairs to cover successive ranges, may often 
be from a few hundredths of a per cent to 20 per cent, or more. The spark 
is thus better suited to composition analysis than to trace analysis or 
inspection. 

The simple condensed spark has been used in numerous spectro- 
chemical installations. For certain types of samples, it has proved highly 
satisfactory. The simple spark, like the arc, however, is subject to erratic 
fluctuations. These fluctuations seem to be duo largely to variation in 
the number of oscillating arc discharges in the train which follows each 
spark breakdown (page 25). In some cases, proper choice of the fre- 
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quency of the spark circuit or the use of a de-ion izing air blast on the 
spark gap may give sufficient control over the spark. 

In many cases of metallic analysis, particularly in the case of steel, 
adequate control is difficult to attain, and an auxiliary synchronous 
rotary gap is useful (Fig. 4, page 25). It permits the spark discharge to 
pass only for a brief interval at the peak of each voltage cycle, while an air 
blast on the sample gap helps damp the discharge train. Or the rotary 
gap can be replaced by a fixed gap quenched by a turbulent air blast. 

With a source of this type, the installation at the foundry of the Ford 
Motor Company, described by Vincent and Sawyer, 11 carries out rapid 
routine analyses of iron and steel, with a probable error in a single 
determination of the order of 1.5-2.0 per cent. Analysis is made for 
copper, chromium, manganese, molybdenum, nickel, and silicon, for 
percentages ranging from 0.1 per cent to 5 per cent, or more. The 
ranges are set by the demands of the problem; they could be extended 
by suitable choice of lines and exposure conditions. The errors, of 
course, arise only in part from source fluctuations; in fact, the source 
errors here are near their lower attainable limit. 

Unless their requirements demand the use of liquid samples or samples 
that can be excited only in a d-c arc, almost all spectrochemical labora- 
tories now use some form of controlled spark for samples of medium to 
high concentration, and some form of interrupted or a-c arc for samples 
of low concentration and for trace or purity determination. Numerous 
manufacturers supply units that include one or both types. These two 
sources meet almost ail needs and will probably tend to become more 
standardized in their specifications. 

In the use of any of these sources, it is important to study their time- 
emission characteristics. In arcs, the more volatile elements enter the 
discharge earlier than the less volatile ones, and the more volatile pass 
through their peak rate of emission earlier than the less volatile. If the 
sample is not in pellet form or in a graphite electrode so that it can be 
completely burned, the interval during which the spectrum is recorded 
must be carefully chosen. With spark discharges, some preliminary 
pre-spar hny time, or time-cf-wait, is necessary before the spark conditions 
become stabilized and before radiations from the different constituents 
of the sample are emitted in a constant and uniform ratio to one another. 
This time will depend not only on the constituents of the sample, but also 
on its size and shape, and on the power input to the spark. The larger 
the cross section of the sample and the smaller the power, the longer the 
pre-sparking time will be. The pre-sparking time for the controlled spark 
may vary from a few seconds to as much as a minute, depending on the 

” B - Vincent and R. A. Sawyer, X ttial f'rogrt u, 36, 35, l‘J3U. 
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conditions. The accuracy of the analysis will be greatly affected by the 
proper choice of these exposure intervals. They must be determined in 
each case by careful tests. 

1 3.6. Sample Form and Standard Samples 

The accuracy of results may be significantly affected by the size and 
shape of the electrodes. With the spark, for example, it is desirable 
to use a size and tip form such that the discharge will play over it in a 
uniform manner. This effect may be attained by using one flat and one 
pointed electrode, or two electrodes with blunt, conical tips. The size 




Fig. 108. Chill-cast sample from foundry 
melt. The sample pina are broken from the sink 
head for testing. 



of the electrodes and the angle of the cone are fixed largely by. the power 
of the spark circuit. Larger electrodes are possible for more powerful 
outfits. In steel analysis, for a large outfit drawing about 2.5 KVA, 
electrodes A in. in diameter, with conical tips of 148° included angle, 
have been used. To secure uniformity of electrode size and shape rap- 
idly, most routine industrial laboratories use jigs and grinders. In 
foundry installations, samples are usually cast from the molten alloy. 
They should be similar in grain structure to the foundry end-products, 
and they should set quickly, to avoid differential segregation or loss of 
the more volatile constituents. It has been found satisfactory to cost 
them in permanent steel molds, which chill immediately and can be 
removed at once (Fig. 108). From other solid materials, appropriate 
electrodes can be cut, sawed, or stamped. 3olid electrodes for the arc 
may be similarly prepared. If the material is in the form of chips or 



